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A practical synthesis of CHF,-substituted 3-azabicyclo[3.1.0lhexanes was developed for the first time. The

key step was photochemical decomposition of CHF,-substituted pyrazolines. This protocol has the
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The 3-azabicyclo[3.1.0]hexyl ring system as a conformationally
constrained bicyclic isostere for the piperidine motif displays
diverse biological activities and great potential in the pharma-
ceutical industry." Representative examples of this type of
application are potent p opioid receptor antagonist 1 for the
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(3) Muscarinic antagonist
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(4) T-type calcium channel inhibitor
Korea Institute of Science & Technology, 2014

Fig.1 Representative bioactive compounds with a 3-azabicyclo[3.1.0]
hexane core structure.
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advantages of simple operation, and mild conditions, as well as excellent functional group tolerance,
giving the desired products in moderate to excellent yields.
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Scheme 1 Construction of 3-azabicyclo[3.1.0]hexane scaffolds.
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Scheme 2 Synthesis of 3-benzyl-6-difluoromethyl-3-azabicyclo
[3.1.0]hexane-2,4-dione.

treatment of pruritus,” the ketohexokinase (KHK) inhibitor 2 for
the treatment of non-alcoholic fatty liver disease (NAFLD),?
muscarinic receptor antagonist 3 (ref. 4) and T-type calcium
channel inhibitor 4 (ref. 5) (Fig. 1). In this context, considerable
effort has been devoted to developing general and efficient
methods for the synthesis of the 3-azabicyclo[3.1.0]hexane
scaffolds (Scheme 1). The elegant early studies focused on the
intramolecular cyclopropanation, such as metal-catalyzed
oxidative cyclization of 1,6-enynes® and cyclopropanation of

Table 1 Optimization of the reaction conditions®
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N-allylamino acid dimethylamides using Ti(un) reagents.”
Furthermore, the intermolecular cyclization of 3-pyrrolines and
metal carbenoids was also a useful tool to construct this core
structure.® Although these known procedures had their merits,
they were also associated with some drawbacks. For example,
requiring long routes for the starting materials preparation and/
or using expensive metal catalytic systems. In the last few years,
[3 + 2] cycloaddition process has been the most popular method
to construct this cyclopropane ring of 3-azabicyclo[3.1.0]
hexanes. The coupling of maleimides and hydrazines has been
reported by Lunn's group.® And Jiang and co-workers have dis-
closed a method of palladium-catalyzed cyclopropanation of
maleimides and N-tosylhydrazones.'® To match the increasing
scientific and practical demands, it is still of continued interest
and great importance to explore new and straightforward
methods to access these highly rigid cyclopropanes with more
simple operation.

On the other hand, decoration of organic molecules with
fluorinated groups often affects their physicochemical and
biological properties such as metabolic stability and lip-
ophilicity," so organofluorine compounds are widespread in
pharmaceuticals, agrochemicals, and advanced functional
materials. Among all fluorine-containing groups, difluor-
omethyl group can develop special effects on molecules: it can

HF,C t-BUONO (THF,C 2a ' HF,C Q /Z)
\( AcOH Y 1.0 equiv. o
NH, CHCl | N, | 'Solvent 45°C, 12h N N—Bn o D # N—Bn
reflux,10 min | in situ-generated '\<
o O trans cis
1 | without purification 3a, 3a,
Yield® (%)

Entry 1 (equiv.) t-BuONO (equiv.) AcOH (equiv.) Solvent Lamp power (W) Time (h) 3a,; 3a, dr®
1 2.0 2.4 0.4 Toluene 500 24 39 12 78 :22
2 3.0 3.6 0.6 Toluene 500 24 51 14 78 :22
3 4.0 4.8 0.8 Toluene 500 24 44 14 76:24
4 3.0 3.6 0.6 THF 500 24 29 13 69:31

5 3.0 3.6 0.6 DMSO 500 24 n.d. n.d. —
6 3.0 3.6 0.6 Et,O 500 24 52 14 79:21
7 3.0 3.6 0.6 (i-Pr),O 500 24 36 12 75:25
8 3.0 3.6 0.6 i-PrOMe 500 24 51 14 78 :22
9 3.0 3.6 0.6 MeCN 500 24 56 14 80:20
10 3.0 3.6 0.6 MeCN 400 24 50 16 76 :24
11 3.0 3.6 0.6 MeCN 600 24 58 15 79:21
12 3.0 3.6 0.6 MeCN 800 24 61 16 79:21
13 3.0 3.6 0.6 MeCN 1000¢ 24 64 16 80:20
14 3.0 3.6 0.6 MeCN 1000 20 63 16 80:20
15 3.0 3.6 0.6 MeCN 1000 28 66 16 80:20
16 3.0 3.6 0.6 MeCN 1000 32 64 17 79:21

¢ Reaction conditions: a solution of 1-methyl-2,2-difluoroethanamine 1 in CHCI; and ¢-BuONO and HOAc were added in turn. After 10 min heating,
the obtained yellow solution was cooled down to a room temperature by external water bath. Then 2a was added into the reaction mixture and
stirred at 45 °C. After removing CHCI;, the residue was dissolved in 5 mL solvent and transferred into a quartz tube which was irradiated with
a high-pressure mercury lamlg) (250-720 nm). ? Isolated yield by chromatography on silicagel. ¢ Diastereomeric ratio of 3a, and 3a, was based

on column chromatography.

This journal is © The Royal Society of Chemistry 2018
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be used as a bioisostere of a carbinol moiety and as a more
lipophilic hydrogen bond donor.> However, protocols for the
synthesis of difluoromethylated azabicyclo[3.1.0]hexanes
remain to be underexplored. In line with previous work from
our group dealing with the preparation of difluoromethyl-
substituted pyrazolines using in situ generated difluoromethyl
diazomethane,* we report herein the development of a simple
and efficient method to synthesize CHF,-substituted 3-azabi-
cyclo[3.1.0]hexane derivatives from commercially available
maleimides.

Following our previously established protocol,'* we initially
examined the thermal decomposition of pyrazoline A’, and the
desired 3'a was observed in 51% yield, but 3’a was obtained only
in 27% yield based on 1-benzyl-1H-pyrrole-2,5-dione 2a (see
Scheme S1 and S27). Considering the low yield and the tedious
operation, we tried to develop a one-pot cascade approach (see
Table S1f). Accidentally, we discovered that photochemical
process was more effective than thermal decomposition. As we
all know, photochemistry is considered as one of the simplest
manifolds of chemical reactivity and photochemical reactions
are the key for the synthesis of many reactive intermediates.*
Accordingly, this phenomenon attracted our attention. On the
other hand, considering the quantitative formation of the
isomeric A*-pyrazoline B' in the [3 + 2] cycloaddition process, we
decided to prevent the formation of the byproduct B’ by taking
the simplest higher homologue - CF,H(CH;)CNH, (Scheme 2).

Initial tests were done on CF,H(CH;)CHN, I generated in situ
and 1-benzyl-1H-pyrrole-2,5-dione 2a as the model substrates.*®
To our delight, both trans (3a;) and cis (3a,) products were
isolated separately and the yields of 3a, and 3a, were 39% and
12%, respectively (Table 1, entry 1). The stereochemistry was
determined on the basis of the results from NMR spectroscopy
(see Fig. S11), and an example of which was shown for 3a; in
Fig. 2. The bridgehead protons were correlated through space to
the nearby difluromethyl protons, indicating they were on the
same convex side of the bicyclic system. Encouraged by this
result, we further optimized the reaction conditions, and the
results were showed in Table 1. When the amount of 1 was
increased to 3.0 equiv., increasing yield of 3a was obtained, but
further increases resulted in dramatically decreasing yield
(entries 2 and 3). Further examination of the solvents indicated
that MeCN was the optimum solvent, and the other solvents,
such as THF, DMSO-Et,0, (i-Pr),0 and i-PrOMe gave inferior
results (entries 4-8). When MeCN was used as the solvent, the
desired products 3a; and 3a, were produced in 56% and 14%
yields, respectively. Lamp power was also a crucial factor in this
system. Increasing the lamp power to 1000 W could significantly
promote the result of this reaction, and the total yield of 3a
could reach to 80% (entries 10-13). At the same time, the
reaction time was optimized (entries 14-16), and 28 hours was
found to be optimum affording 3a, and 3a, in 66% and 16%,
respectively. The experimental results also revealed that
changing the reaction conditions had little effect on the dia-
stereomeric ratio.

With the optimized reaction conditions in hand, the gener-
ality of maleimides in this cyclopropanation reaction was
examined, and the results were summarized in Table 2. It was
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Fig. 2 NOESY of 3a, (irradiate hydrogen nuclei of 6-difluoromethyl).

worth mentioning that both of the diastereoisomers could be
easily isolated by silica gel chromatography. Benzyl, p-methox-
ybenzyl and phenylethyl groups were compatible with the
present conditions, obtaining excellent to good yields and dia-
stereoselectivity (3a;—¢; and 3a,-c,). Various electron-donating
(2e, 2g, 2j, 2m) and electron-withdrawing groups (2f, 2h, 2i,
2k, 21) at the different positions on the phenyl ring of mal-
eimides 2 were fully tolerated. For instance, 1-(3,5-dimethox-
yphenyl)-1H-pyrrole-2,5-dione (2m) gave the diastereoisomers
3m, and 3m, in 56% and 19% yields, respectively. And we were
pleased to observe that a number of maleimides having alkyl
substituents at the N-position were highly facile to afford the
desired N-protected products (30,-s; and 30,-s,) in good yields
and diastereoselectivity. For example, N-(n-propyl) maleimide
20 was 71% in yield and 68 : 32 in diastereomeric ratio.

We further explored its application for the synthesis of the 3-
azabicyclo[3.1.0]Jhexane scaffold. To our satisfaction, the
representative reduction of the carbonyl groups in 3a; with
LiAlH, in diethyl ether smoothly gave the pyrrolidine 4a; in
nearly quantitative yield (Scheme 3).** It is worth mentioning
that no cyclopropane ring cleavage was observed during this
reaction.

Based on the experimental results and the previous litera-
ture,"” a plausible mechanistic pathway is depicted in Scheme 4
with 2a as a model substrate. Mechanistically, [3 + 2] cycload-
dition is carried out with CF,H(CH;3)CHN, and 2a to generate

This journal is © The Royal Society of Chemistry 2018
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Table 2 Scope of substrates®
N 9
t-BUONO HF,C 1) maleimide derivative (2a-s) /< H /<
HF,C Y AcOH W/ CHCly, 45 °C, 12 h HFC . T HFC, Ao
CHCly Ny 3 . a
) 2)hv, 28 h S ' “
NH,  reflux,10 min in sit t ’
in situ-generated H Y. tranis H \O cis
1 1 3a;-s4 3ay-s;
o] o]
HF,C HF,C HF,C HF,C
231' 5’;? (dr = 75:25)
3ay, 63%° | _ 3b,, 66% 3cy, 56% 2 1
dr = 80:20° 15 o = OMe 15 o =
sag 16% | sl 3bg, 15% ‘d’ 81:4a) 30y 18% 7 029 R = 0-CHy 3e; + ey, 68% (dr = 77:239)
R=0-Cl 3f, + 3f,, 65% (dr = 62:38°)
HF,C HF,C HF,C R = m-CHy 3g1, 50% (4 _ 7505
—\\ 39, 17%
R=mF  3hy,58% 4 _ 7600
3hy, 18%
3m,, SGA _ 3n,, 60Aa _ 304,48% ., _ s
dr = 75:25 dr = 77:23 dr = 68:32 =i 509
amy, 19% Lt 3ng, 18% : 30, 23% ( : RERED SRt foem 7oA
3ip, 16%
R=p-CHs 301, 49% (4 - 74:06
HF,C Hcm HF,C HF,C 3ip, 17% ( :26)
Br R=pCl 3k, 55% (4 - 75.5)
3ky, 18%
R=p-Br 3l 549
3py, 45 % (dr= 67.33) 3a4, 45% (dr = 67:33) Brg, 42% (dr = 66:34) 384, 45% (dr =eg3z) N PBT 3 54% 427929
3p,, 23% 3q,, 23% 3sy, 22% 3sy, 21% 3y, 14%

“ Reaction conditions: a solution of 1-methyl-2,2-difluoroethanamine 1 (0.1 M, 3.0 eq.) in CHCl; and #BuONO (3.6 eq.) and HOAc (0.6 eq.) were
added in turn. After 10 min heating, the obtained yellow solution was cooled down to a room temperature by external water bath, and 2 (1.0
eq.) was added immediately. The reaction mixture was stirred at 45 °C for 12 h. After removing CHCl;, the residue was dissolved by acetonitrile
(5 mL) and transferred into a quartz tube which was irradiated with a 1000 W high- pressure mercury lamp for 28 h. ” Isolated yield.

¢ Diastereomeric ratio of trans and cis products was based on column chromatography.

¢ Diastereomeric ratio was based on '"H NMR.

/ H
HFzC% < LiAIH, (2.5 equiv) Hcm ‘\
N7\
,\< pp, anhyd Et,0, reflux 8 y i/ Ph

3a1 4a,, 97%

Scheme 3 Synthesis of 3-azabicyclo[3.1.0]hexane 4a;.

pyrazoline A. Subsequently the photodenitrogenation of pyr-
azoline occurs by the stepwise cleavage of the two C-N=N-C
bonds to give a 1,3-biradical. Finally, the 1,3-biradical recom-
bines to give cyclopropane diastereoisomers 3a; and 3a,.

HF,C HFsC
hv 28 h

HF,C_ / 9
QN Bn — N\\ .
H
Hcm /< HF,C, \/< recombination
N—Bn + / N—Bn

X \

O trans O cis
3a, 3a,

Scheme 4 Proposed mechanism.

This journal is © The Royal Society of Chemistry 2018

9 Isolated yield combined trans and cis products.

In summary, we have developed a general and efficient
method for the synthesis of CHF,-substituted 3-azabicyclo[3.1.0]
hexane derivatives via photochemical process of commercially
available maleimides and in situ generated CF,H(CH;)CHN,. It
is worth mentioning that both of the diastereoisomers could be
easily isolated by silica gel chromatography. This protocol has
the advantages of simple operation, mild conditions as well as
excellent functional group tolerance. We believe that this
method will expand the synthetic arsenal in the field of medic-
inal chemistry, agrochemistry and organic synthesis.
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and M. Mishima, Chem. Soc. Rev., 2012, 41, 3808; (c)
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